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Abstrnct. Lithiurn undergoes martensitic transforlllatiolls unJer dif-
ferent conditions of temperature anJ pressure passing, partially, frolll a
BCC structure to a faulted c10sepacked structure (probably a faulted 9R.
IICP or rcc structure or. perhaps, a mixture of some of these phases). In
this work, the lattice specific heat and elastic constallts are ca1culat('d
froro a first principies pselldopotential for BCC, rcc ami IIcr lithium.

PACS: 63.20.-<>; 65.20.+w

1. Introduction

The normal pressure and room tempcraturc pha.<¡cfor lithium is !lCC and thc normal
pressure and low tempcraturc phase (bclow 72 K) was first ocscribed by Barret PI
as a faulted IICP structure, from X ray stlltiies. This sa01e author, showcd that
lithium cold.worked at low temperatures hecamc F'CC.

However, subsequcnt studies do not cxclude the possibility of a more co01pli.
cated packing of hexagonal layers at normal prcssure and low temperatures [2,3].
Experiments with neutron diffraction perfor01ed on lithiu01 at normal pressure and
temperature of 60 K have rcvealed the existence of clear rcfk"Ctions which could be
attributed to an lICP structure [4]. Simultaneously, a number of weaker reflections
were observed, not al! of which could Le rclated to the lICP structurc. More detailed
analysis of the neutron diffraction patterns show that the 9H structure seems the
O1ost probable. However this structure does not display complete coincidence in
the position and number of observed rcflections either [4). It sccms that numerous
stacking faults as wel! as admixture of thc 9R phase with the 611 structure (which
is a triple IICP), might be possible rea,';;onsfor the discrepancies observed [4J.

On the other hand, it seems that the samplc does not go complctely to the ncw
l-lhase. Only a fraction of it does [I l. Applying pressure on the sample may produce
a transition from the probable 9R to FCC 15].

It is our aim in this work to calculate tile contribution to tiJe lattice specific
heat of some of the different phases which could be present in a lithium sample
for different conditions of temperature and prcssure. \Ve have e.alculated the lattice
specific heat of BCC, FCC, and IICP lithium. It is OUf hope that this infor01ation could



Lattice specijic heat and eiastic constant." lor Bec, FCC and /lCP lithium 573

be useful to experimcntalísts in the study of the lattice specific heat of lithium for
different conditions of temperature and pressure.

JI. Elastic constants and specific heat

We made our calculation using a local, first principies pseudopotential which has
been useful in the prediction of properties of lithiuffi, a.luminum, sodium and potas.
sium [6 to 13 .nd 23 to 25].

In previous work we crnploycd this kind of pseudopotential with success in
the calcul.tion 01 the I.ttice specific he.t 01 lithium [7], sodium [23,24) .nd .Iu-
minum [8], .nd 01 the pressure dependen ce 01 the I.!tice specific he.t 01 lithium [9J,
and aluminum (B), and also in the calculation of the pressure dependen ce of the
elastic constants oC aluminum and lithium 110], and of the pressure dependence of
the superconducting transition temperature of aluminum (11] and in the calculation
of the volume dependence of the resistivity of aluminurn [25]. More recently we also
explored, with good results, its application in the calculation of the phonon limited
resistivity 01 .Iuminum iI2] .nd 01 sodium .nd potassium [13J.

We constructed this local, first principies pseudopotential following a method
proposed by Manninen el al. [6] who had followed sorne ideas of the work of Ha.
solt [14].

We started by calculating the displaced electron den sities around a nucleus in an
electron gas for lithium. This was done using the density functional fúrmalism [15,16)
.nd the model of the nucleus embedded into • jellium v.c.ney [6J. Taking into
account that in the pseudopotential formulation the pseudodensity must not contain
wigglcs ncar the ion, these wiggles in thc calculaled density had to be removed, as
we explain below.

We have used atomic units (i.t., magnitude oC the eleclron charge = eleetron
mass = h = 1). The energy is given in double Rydbergs.

From pseudopotential theory and linear response theory [17), the interionic po-
tential is given by

<I>(r) = Z' (1 + ~ r= dq Sin(qr)r(q)[<5n(q)[') ,
r rrZ' Jo qiI - r(q)J

(1 )

where r is the separation between the two ions, Z is the charge of the metal ion,
l(q), is the dielectric response fundion of the eleetron gas and ón(q) is the Fourier
transform of the induced charge pseudodensity.

We calculated ón( q), the Fourier transform of the displaced eleetron pseudoden-
sily, taking the Fourier transform of the induced density [6], after smoothing. In this
smoothing, the conditions that the electronic charge is eonserved and that ón(r) and
(8/8r)[ón(r») are continuous, are imposed [6). 1t is convenient to mention that in
the pseudopotential formulation, the pseudodensity must not contain wiggles near
the ion, and the induced density calculated frem density functional thcory contains
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Ihose wigglC'S in t.hat region dlll' lo tlll' ort.hogonalizatioll of conduct.ioll states 1,0
("ore orbitals.

The uns(Tc('lwd pSf'udopoklltial fo]'m factor, I/(q), is related to bn(q) by

v(q) =
1""n(q)«q)
'1'[1 - '('1)1

(2)

Eq. (2) is llsed f.o obtain an dff'dive local pSl'lldopotcntial1 which in lincar
r1'sponse will giv,' tlw exact in<!u('t'(i displaced c\ec!rollic (h'Bsit)' outsidc ti\(' region
uf smoothing. In this wa)' sume of tlll' llonlillear slrf'cllillg crfects are illc1ud('d iuto
the paír potential calclllated frolll this pseudopotential.

The dic!('ctric fllnction \Ve llsed sat isfies by cOlIstructioll the cOlllpn'ssibility
lllt'orem, wllirh is ilIlportant in (,(1I1111'cliol1with the interiollic potential [fi,I,I,lSj.

\Vith tlH' ill<!uced chargl' pSl'l\dodl'llsity ami ti\(' die1l'ctric fUIlctioll aIread)'
~i\'l'n, we uSl'd Ec¡. (1) lo calcul,ltl' tlll' inlt'riollic pOIl'lllial.

Frorn tllf' inlt'riollic potelllial \\'1' eakulated tlH' p!tOIlOllS and a.ssociat('d force
COllstaIlt.s, usillg tlu' hannonic apprm:illlalion.

Frorn t1w kllsor force Illodel alld IIsing Ilolatioll of I'ef('rellce [19], ti\(' force
Illittrix. 411), is ddilwd as th(' forc(' Oll t111'origin atOtll ill tiH' i direction wllt'1l aloll1
.••.mo\'es one lluil distance in the) din'dioll. Tbis force lllatrix is sYlIlrndric and it
is d{,llotcd by

(' ¡l~' ')nI ;7o:p(Sl ;:::: Ji' ojO (:l)
'J

¡S y" ,,'',! 1 .1

The poi]]t .1,; is Oll{' of a :-.d of poillts <Kf'ording to tl](' sYllllIletry of tlw laUice.
Tbis sel of poillts is denoted by .•...., wlll're S' = 1,2,:1. de. correspolldillg 1..0('vt'ry
sh('\l of IlcighlJOrs, TIIt' force [}la1rices of the other lllelllhers of tlw sd cOllsist of
ll'arrangcll1(,lIts of I he sallle set of forel' f'Ollstallts.

FOl"cubil' symll]('lry the l'lastic l'ollslants, CII, CH, el:? are given by [l~)1

a(C11 + C'.H) (1)

wlll'H' ([ is the lauin' constant, liS is tlw llulllber of lilttiCl~ p"illls for llt'ighbor sllt'll
:..;: hj'" COrl"l'spfllllls 1.0 three non-r]('g¡\l.in' inll'gers SII('II that hl 2". h',! 2". h,J ami lhe
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coordinates of a point in shell S' are 'lIa/2, h2aJ'2, },3a/2. !"or FCC í = 1 aad for
Bee T = 1/2.

For cubie syrnrnclry the re1atiolls hctween the forc(' constants oC tlH' U'osor force
modcl and the axially symInetric model are [19]

of = C,,(S) + Gl) kM)

,,~= C,,(S) + ("l) k¡(S)
h-

( ")af = C,,(S) + ;:i (¡(5)

(",h,,) '. ~)
1
') ;. ¡(~.,,-

¡¡~= ("~~¡)kili)

¡if = ("~~,) k¡(S)

(5)

whcre h2 = !ti + h~ + h~. ami 1.:1(5) and C}J(5) ilre thc two furce constants of ti\l'
axially sYlllllletric modd for tite S.th slwll of neighhors [19).

\Ve could relate ea.sily the force constanls 1.:1(8) and ClJ(S) to the (krivatives
of the interionie potl'ntial and we obtaillC'd

ami

S [
d'I'(7") 1dl'(7")]

kl( )= -,-----dr~ ,. d,. (S)

[
1 dll(7")]

CE(5) = ---
r (J,. (S)

((i)

(i)

In this way. from the interionic potclltial V(r), we could find k](S) and CB(S)
and using c<¡uations (4) and (,5) we cOl1ld ealculale the elastic constants for RCC
and FCC strllctures. \Ve had a good cOllvcrgencc lIsing 12 I1cighbor shclls.

For the IICP structure we had a good collvergellce with four neighbor shells. For
this case the clastic cOllstants are [20]

C. ",3" - Al - l.
11 =v3-----

2c

(2B, + e, + 3e¡ )(3B¡ + IJ, + se,) + 2e,(3B¡ + B,)L=~---------------~----3(B1 + H, + el + e,)

C,," = :, [-3(ll] + 13;¡)+ H]
V3(J.2

(8 )

(9)

(10)

( 11 )
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C12 = ';;C [3(0 - 3A¡) - BI - IJ, - 12el - 4e, + p] + CII (12)

(BI - B, - 2el +2e,)'
p= BI+B,+el+e, (13)

CI3 = ~(2e. - B.) - C.. (14)

lo t1lc ca.,<¡eof ao ideal HCP structurc, e/a;; JS73.
Finally

0= -[kl(l) + Cn(1)j; Al = A, = Cn(l); AJ = O;

UI = Co(2); IJ, = Hkl(2) + 3Ca(2)]; Bj = 2B, - BI;

lJ. = V2(lJ, - B¡); el = CJJ(3); e,= H2kl(3) + 3Cn(3)J;

eJ = ~(e¡+ e,); e. = (e, :f¡e¡); 6 = -[kl(4) + Ca(4)].

Again, from the interionic potentiai we could flnd k.(5) alld Cn(8) éllld, fmm
tI'ese, lhe corrcsponding elastic constants for IICI'.

'1'0 ealculate the phoDon frequency distribution, F(v), from the force constants
olJtaineq in the phonon dispersion curve, we followed tlle method of Gilat and
Raubenheimer [21].

From F(II), the specific heat is calculated nUlllt'rically by the integral

c. = 8(E) = ka rm
dv (13hV)' F(v) ,

8T Jo 2 sinh(~13hv)
(15 )

where (E) is the average of the internal cllergy, T is the temperature and 11m is the
maximum phoflon frequency.

In Fig. 1 thc rcsulting phoBon sp<,ctra for BCC, •.CC and HCP are shown, 1'he
pltonon speclra wcre obtained using first liJe harmonic approximation to get t1le
force constants ami the using the method oC Gilat and Raubcnheimer [21].

Our ealculated phonon spcctra fol' low tcmperatllfe are similar to those obtained
by Punz alld Hafner [22]; however, thes{' authors did 110treport any calculation of
tlw IdUio.' speciflc heat. Thcse authors lIscd an optimized Harrisan pseudo poten ti al
and the dielectric function oC Va.shista and Singwi. 1'his dielectric function does
not satisfy the t'ompressibility theorem which is important in connection with the
interionic p(ltf">ntial,as we have already rnclltione<!.

'i nI..' reslIlts 101't:le lattice specific heats for BCC, "CC and HCP lithium are shown
in Fig. (2). \Ve can see that the results for UCC and FCC are, practically, identical.
This could be expected because oC the similarity of tbe phonon spectra for these
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FIGURE l. Calculated Phonon spectrum for lithium with different structures. For BCC: -; for
FCC: - - -; for IICP: .... The calculations were made at a temperature of 78 K.
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FIGURE 2. Constant volume lattlce specific heat of lithium as fUllctioll of the ternperature (or
different structurcs. Rcsult of this calculation (or HCe: -; result for FCC; - - -; and for
HCP: .

GH Gil G" G"
0.069 0.137 0.115

0.078 0.172 0.138
0.059 0.429 0.188 0.359

BCC

rcc
IICl' 0.083

TABLE 1. Elastic constants oC BCC, FCC and UCP lithium. The units are 1012 dynes/cm2. The
calculation is for 78 K. Lithium undergoes a martensitic transformation below 80 K to
a probable FCC or lo an IICP structure.
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structulcS (Fig. 1). \Ve (ould not fino í'x¡wrilIwlltal re~ults for the specific heat for
oní' pha.sí' ¡done of lithium below 80 1\.

Our calculatf'd elastic COllstants. for IlCC'. F<'C alld IICI' lithium for temperatllft's
hl'iow 80 1\ <tf(' shown in Table 1.

Acknowledgements

I wish 1.0 th;lllk Pror. L.F .\lagaiiil. for IHilll)' lwlpful discussions.

References

1. CS. Barrf't ..tcta Crystallogr. 9 (19:lG) f,71.
2. c.~1. ~lacC"rthy. c.1\'. Thompsoll. S.A. II'cm", {'hV.'. /In B 22 (Ia.'O) 5;1.
;1. A.\r. OVf'rhallser Phys. Ret'. Lctt. 53 (I!);-.:.l) (¡.1.
\. A.A. Cbernishov. \'.A. Sukhoparo. and IL\. SadY~Il\". Pi.~.Zh. Ebp. Tf(lr. [1:: .• 17

(1"':1) :J.I5.
.~). I1.C. Sm¡th. H. Berliner and J.D. Jor~ells('nJl/¡y.~,,"(J H 156 (1989) .13.
(j. ~t.~lannir\('II. P. Jena.I{'~1. r\'iemirH'lI and .1.1\. Let'. /'hy.". Rep. B 24 (H.l,"il) 70.")7.
,. L.F. r....la~aila ano (~..J. Váloquez. /'hy$. Hn. /136 (19:-:17).1700.
"'. C ..I. V.íZt¡lll'Z and L.F. ~tagaf\a, /'/¡YI.'. lJ'tl. A 122 (1987) 267.
~). 1..1". ~1aga.f\aand ej. Vázquez . .I. /)hy,\. F. '\1/1. Ph.'ls. 17 (lüS7) L:.:~:ri,
lO. (;..1. Vázqu{'z and L.F. Magaíia, J. Phy,\. Fn¡Wf' 40 (1988) ,197.
11. (; ..1. V iÍzq [H'Z and 1" F. Magaña., Phy8. /(n). 38 (1 !.l88) n.lgó.
l:l. E.A. Mt'IHloza. G.J. Vázquez and L.F. ~1;¡¡;;lfl;¡.J. /)hys. Frailee 50 (IG90) :lI.lo(!J.
I:L (; ..1. \'ázquez aud L.F. ~lagaña . .I. Phy.~.: ('OWlf'7ISt'fi .\falter. 2 (1990) {jl:1.
1.1. U. Hasolt a.lld R. Ta.ylor. Phy8. Uf,/,. l/ 11 (1!)7.~))2717.
1.5. 11. lIo1t('lIfwrg and \\'. I~ohn. Phy.'. /(f l'. 13H (196-1) 119G.1.
lfi. \\'.I~ohn a.ud L.J. Sham. PhY8. Hit .. 140 (1!J(j,~I) :\11;1:~.
17. \\' .;\. lIarrison PMudo]Jotclltin/s in OH 011ory o/ 1/11I(/l.~. Ih'lljamin. :\ew York (1 %Ii).
1~. ~t.S. DUt'sLJery and R. Taylor. f)hys. Uf 1'. lJ 7 (1!)7:l) 2870.
19. G,l.. Squires. A,-k. Fys. 25 (l9(l;q '21.
20. ~1.F. Collins. Proc. Phys. Soc, 80 (196'2) ;W'2.
21. C. Gilat alld L.J. Rauhenheimer. Phys. /(, v. 144 (l96G) :190.
22. C. PUTllo and J. Hafner. Z. Phy.~, J) COlldf'F1.~nJ .HattfT 65 (1987) .tG.5.
n. C.J. \,ázqu('z and L.F. Magaña. PhYb. (,di. A 143 (1990) 155.
2-1. L.F. Magaña a.nd G.J. Vázquez. J. Phy.\.: ('OWII71Md J/fllkr 2 (1990) .t807.
:25. C.J. Vá.zquez and L.F. 11agaila, /'hy.~ . .',Inl. Sol. lJ 144 (1987) 1\:119.

Resumen. J::l litio pasa- por una lralLsformación marl.('lIsíl.ica bajo
diferentes condiciOlH'S d(' \(,llIpNatura y presión cambiando par,ial-
nH'lLtl~ d(~ una estrU(.tllról kCC óI ulla ('strllctura dI:' cmpaqlH'tóulIi"IlI"
compacto imperfecta (proha1JII'Ill(,llt{' a ulla estructura 9H imperf('{.ta.
HCP o rcc o quiza.. a Hila llu'zda tlt' alguna de estas fases). En ('~te tra.
bajo, se calculan el calor esperlfico de la rpd y las constantes t'1á..'itic<l,..'i
ti partir de un pseudopotential de primeros principios, para. litio (01\

estructura.<; BCC. rcc y IICI'.




